14 Despite the recent interest in nosZ-possessing organisms as the sole N 2 O sink in soil and aquatic 15 environments, quantification of nosZ has relied on undependable qPCR techniques prone to unspecific 16 amplification and compromised accuracy. Here, we have combined culture-based methods with 17 computational methods to develop TaqMan-based qPCR for quantification of microorganisms actively 18 involved in N 2 O consumption in activated sludge reactors. A sewage sample was enriched in a batch 19 reactor fed continuous stream of N 2 containing 20-10,000 ppmv N 2 O, where 14 genera of potential N 2 O-20 reducers were identified. All available amino acid sequences of NosZ affiliated to these taxa were grouped 21 into five subgroups (two clade I and three clade II groups), and primer/probe sets exclusively and 22 comprehensively targeting each subgroups were designed and validated with in silico PCR. The nosZ 23 profiles of four activated sludge samples determined with the qPCR assays were compared with those 24 analyzed from shotgun metagenome. The results of the group-specific qPCR assays were generally in 25 agreement with the results of the metagenomic analyses, with the two subgroups (Flavobacterium-like and 26 Dechloromonas-like) of clade II nosZ dominating the nosZ-possessing population. These quantitative tools 27 will be immensely useful for identification of the key N 2 O-reducing populations in environments with 28 rapid nitrogen turnover. 29 30
Introduction

31
Nitrous oxide (N 2 O) is one of the three major greenhouse gases with the largest contributions to 32 global warming, along with CO 2 and CH 4 (ref. 1). Although the contribution of N 2 O is estimated to be 33 only ~6% of the net greenhouse gas emissions in terms of CO 2 eq, which is far less than those of CO 2 34 and CH 4 , eliminating one molecule of N 2 O from the atmosphere has the same merit as removing ~300 35 molecule of CO 2 due to its high global warming potential. Besides, N 2 O has also been the most 
74
The specificity of the oft used primer sets for clade I and clade II nosZ (1840F: 5'-75 CGCRACGGCAASAAGGTSMSSGT-3'/ 2090R: 5'-CAK RTGCAKSGCRTGGCAGAA-3' for 76 clade I nosZ; nosZ-II-F: 5'-CTIGGICCIYTKCAYAC-3' / nosZ-II-R: 5'-77 SKSACCTTITTRCCITYICG-3' for clade II nosZ) have not yet been closely examined, although 78 these primers have been repeatedly used in diverse fields of study (ref. 19, 25, 26, 27 
83
Quantitative functional gene analysis using shotgun metagenomics approach has become increasingly 84 popular recently (ref. 30, 31, 32, 33, 34) . In this approach, short sequencing reads are either 1) 85 mapped onto the targeted functional gene sequences in assembled contigs identified using BLAST 86 and/or HMMER algorithms or 2) directly assigned as quality-trimmed raw reads to the targeted 87 functional gene sequences using the same algorithms, and the read counts are used for calculating the 88 relative abundances of the functional genes with respect to the total microbial population (determined 89 from the read counts of a single-copy housekeeping gene, e.g., rpoB). 165 PRJNA552413). The raw sequence data were processed using the QIIME pipeline v 1.9.1. The sequence reads with the quality scores lower than the default cut-off (the phred score of 20) were 167 removed. The trimmed reads were clustered to the Greengenes (v 13.8) 16S rRNA gene database with 168 the cut-off value set to 0.97. The remaining reads, which failed to cluster with the reference database, 169 were clustered into de novo OTUs with the same cut-off value (0.97). The taxonomy was assigned to 170 each OTU using the RDP classifier against the Greengenes v13.8 database. For each enrichment 171 sample, the genera assigned to the OTUs with the relative abundances higher than 0.3% were selected.
172
The lists of all NosZ proteins belonging to the organisms affiliated to these genera were extracted 173 from the Uniprot (www.uniprot.org) database (accessed in March 2017) ( Table S1 ). The initial list 174 obtained with the search keywords, "NosZ", "nitrous", "nitrous oxide", and "nitrous-oxide" was 175 manually curated to retain only the NosZ proteins. 
267
The number of reads mapped on to the contigs were normalized with the lengths of the respective 268 contigs. The contigs were assigned taxonomic classification using blastx, and those matching the taxa 269 identified from amplicon sequencing were assigned to NosZG1-5 bins, while those affiliated to 270 Ignavibacterium nosZ were manually assigned to NosZG4 (Table S5 ). The contigs without matching 271 sequence were binned as 'other nosZ sequences'. As no HMM method has been developed for rRNA (Table S6 ).
283
Screening for OTUs with >0.3% abundance in any of the three enrichments yielded 69 OTUs 284 assigned to 33 genera in total, and 14 of these genera were identified with phylogenetic subgroups 285 harboring clade I or clade II nosZ. The OTUs belonging to these putatively nosZ-harboring genera 286 amounted to 50.8% -63.2% of the total microbial population in the enrichments. The abundances of 287 the genera putatively harboring clade II nosZ were observed to be greater than the genera harboring 288 clade I of nosZ (Table S6 ). In the enrichment incubated with 20 ppmv N 2 O, Cloacibacterium (18.9%), 289 Flavobacterium (14.2%), and Acidovorax (13.5%) were identified as the dominant genera. 
